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[57] ABSTRACT 
An integrated circuit apparatus for performing digital 
synthesis of regular waveforms having transitions at 
arbitrary points in time is disclosed. A reference clock 

38 

signal is provided as input to a synchronous delay line 
apparatus, producing a plurality of taps. The taps signal 
provides N inputs to a digital-to-time domain converter 
(DTC), where N is the resolution of the synthesized 
waveform, said DTC apparatus further receiving inputs 
from a pattern generator apparatus over a shifter appa 
ratus and a pattern register apparatus. The DTC appara 
tus combines the taps signal and the input from said 
pattern register to produce a synthesized waveform. In 
the presently preferred embodiment, the DTC appara 
tus comprises a plurality of pairs of N-type and P-type 
devices connected as transmission gates. When the 
transmission gate is turned on, it transfers the input 
pattern bits to the output line. When the transmission 
gate is turned off, it effectively has an in?nite impe 
dance and isolates the input pattern from the output 
line. Only one transmission gate in the DTC apparatus 
is turned on at one time. The waveform pattern register 
apparatus has varying depths of master and slave 
latches. It receives pattern inputs from the pattern gen 
erator apparatus and outputs in three separate ?elds to 
the DTC apparatus. The bits of the ?rst ?eld of the 
pattern waveform register are implemented as a solitary 
master stage. The bits of the second ?eld of the wave 
form pattern register are implemented as complete mas 
ter-slave pairs. The bits of the third ?eld of the wave 
form pattern register are implemented as master-slave 
master triads. 

24 Claims, 9 Drawing Sheets 
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METHOD AND APPARATUS FOR 
SYNTHESIZING DIGITAL WAVEFORMS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to the ?eld of synthesizing digi 

tal waveforms having transitions at arbitrary points in 
time, particularly for metal oxide semiconductor (MOS) 
circuits. 

2. Art Background 
It is quite common for intergrated circuits to perform 

many functions, such as addition and subtraction, that 
hitherto have been performed by analog techniques. 
However, many furuction in computing are still per 
formed with analog techniques. Examples of such func 
tions are frequency multiplication, random waveform 
synthesis, duty-cycle conversion and phase shifting. 
Some of these functions are performed individually by 
dedicated circuits but others are not possible at all using 
existing analog techniques or digital circuitry. 

Generally, in the prior art, two methods exist for 
frequency multiplication: using a phase-locked loop 
(PLL) or dividing a high frequency reference clock 
down to the desired multiply frequency. Although the 
prior art methods accomplish frequency multiplications 
by an integer, the PLL method is difficult of implement 
in MOS technology, While the frequency-division 
method does not generally provide an output that is 
entirely synchronized to the input. Furthermore, no 
general applicable methods are known for performing 
duty-cycle conversion nor any generally applicable 
methods are known for performing random waveform 
generation or controlling phase shi?t. 
As will be shown below, the present invention pro 

vides a circuit for synthesizing digital waveforms hav 
ing transitions at arbitrary points in time. Using CMOS 
circuits, the present invention performs a variety of 
functions such as frequency multiplication by an inte 
ger, frequency multiplication by a rational number, 
random waveform synthesis, duty-cycle conversion and 
phase shifting. 

SUMMARY OF THE INVENTION 

An integrated circuit apparatus is disclosed for per 
forming digital synthesis of regular waveforms having 
transitions at arbitrary points in time. A reference clock 
signal provided as input to a synchronous delay line 
apparatus, producing a plurality of taps. The taps signal 
provides N inputs to a digital-to-time domain converter 
(DTC), where N is the resolution of the synthesized 
waveform. The DTC apparatus further receive inputs 
from a pattern generator apparatus over a shifter appa 
ratus and a pattern register apparatus. The DTC appara 
tus combines the taps signal and the input from said 
pattern register to produce a synthesized waveform. 

In the preferred embodiment, the DTC apparatus 
comprises a plurality of pairs of N-type and P-type 
devices connected as transmission gates. When the 
transmission gate is turned on, it transfers the input 
pattern bits to an output line. When the transmission 
gate is turned off, it effectively has an in?nite impe 
dance and isolates the input pattern from the output 
line. Only one transmission gate in the DTC apparatus 
is turned on at one time. The waveform pattern register 
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apparatus, comprising varying depths of master and 
slave latches, receive pattern inputs from the pattern 
generator apparatus and output in the separate ?elds to 
the DTC apparatus. The bits of the ?rst ?eld of the 
pattern wave register are implemented as a solitary 
master stage. The bits of the second ?eld of the wave 
form pattern register are implemented as complete mas 
ter-slave pairs. The bits of the third ?eld of the wave 
form pattern register are implemented as master-slave 
master triads. 

Brief Description of the Drawings 

FIG. 1A illustrates prior art circuit for accomplishing 
some of the frequnecy multiplication functions by an 
integer. , 

FIG. 1B illustrates prior art circuit for performing 
frequency multiplication by a rational number. 
FIG. 1C illustrates another prior art method for per 

forming frequency multiplication by an integer. 
FIG. 1D shows the input and utput timing wave 

forms for a frequency multiplication by an integer N, 
where N=3. 
FIG. 1E shows the input and output timing wave 

forms for a frequency multiplication by a rational num 
ber, N/M, where N=3 and M=2. 

FIG. 1F shows the input and output timing wave 
forms for a duty-cycle conversion from 25% to 75%. 
FIG. 1G shows the input and output timing wave 

forms for a pseudo-randown waveform generation 
function. . 

FIG. 2 is a block diagram illustrating the preferred 
embodiment of the present invention. 
FIG. 3 is an electrical schematic of a synchronous 

delay line used in the presently preferred embodiment 
of the invention. 
FIG. 4 is a timing diagram of the output waveforms 

' of the SDL in FIG. 3, where N= 16. 
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FIG. 5 is an electrical schematic of a digital-to-time 
domain converter (DTC) used in the presently pre 
ferred embodiment of the invention. 
FIG. 6 illustrates the conversion of static pattern into 

a dynamic waveform by the DTC used in the presently 
preferred embodiment of the invention. 
FIG. 7 is an electrical schematic of a waveform pat 

tern register used in the presently preferred embodi 
ment of the inevention. 
FIG, 8 is timing diagram of the waveform pattern 

registers used in the presently preferred embodiment of 
the invention. - 

FIG. 9A is an electrical schematic of a hard-wired 
pattern generator used in one of the presently preferred 
embodiments of the invention. 
FIG. 9B illustrates the pattern output of a ROM/ 

RAM pattern generator for frequency multiplication 
used in one of the presently preferred embodiments of 
the invention. 
FIG. 9C is a block diagram of a real-time pattern 

generator used in one of the presently preferred em 
bodiments of the invention. 
FIG. 10 is a timing diagram of a varying waveform 

phase through the use of a left shifter used in the pres 
ently preferred embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A circuit is disclosed for performing digital synthesis 
of a rectangular waveform having transitions at arbi 
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trary points in time. In the following description, nu 
merous speci?c datails are set forth, such as speci?c 
circuits. in order to provide a thorough understanding 
of the present invention. It will be obvious, however, to 
one skilled in the art, that the present invention may be 
practiced without these speci?c details. In other in 
stances, well-known circuits, such as a shifter, are not 
described in order not to unnecessarily obscure the 
present invention. 
As will be seen with the present invention. a refer~ 

ence clock period is divided up into N intervals, where 
N is the number of taps in the synchronous delay line 
(SDL). A digital-to-time domain converter (DTC) con 
verts a static pattern of ones and zeros into a dynamic 

. waveform. Thus, a waveform of arbitrary shape may be 
constructed simply by changing the contents of the 
pattern that is inputted to the DTC. Furthermore, if the 
pattern is changed at every clock interval, the shape of 
the waveform also changes at every clock interval. 
Thus, the DTC can provide an essentially endless vari 
ety of waveforms in a straight forward fashion. The 
applications for the circuit of generating digital synthe 
sis of rectangular waveforms as described in the prior 
art section include frequency multiplication, duty-cycle 
conversion, pseudo-random waveform generation, 
phase shiftying, and others. 

In the presently preferred embodiment, the invention 
is realized as part of a metal oxide semi-conductor 
(MOS) integrated circuit. The invention may be fabri 
cated employing any one of the many well-known MOS 
processes or complementary CMOS processes. 
FIG. lA-C illustrate prior art methods of accom 

plishing frequency multiplication. FIG. lD-F are input 
and output waveforms characteristics of frequency mul 
tiplication, frequency division, duty-cycle conversion, 
and pseudo-random waveform generation. In FIG. 1A, 
a phase-locked loop (PLL) is shown to perform a fre 
quency multiplication, N‘ fREF, of an input reference 
frequency fREF, where N is a multiplier integer. In 
general, a PLL comprises a phase comparator 10, a loop 
?lter 12, a voltage-controlled oscillator (V CO) 14 and a 
divider 16 in a closed loop. The input and output wave 
forms for a frequency multiplication where N=3 are 
illustrated in FIG. 1D. Similarly, to multiply an input 
reference frequency fREF by a rational number N/M to 
produce N/M‘ fREF, where N and M are both integers, 
a PLL having an additional divider 18 at its input is used 
as illustrated in FIG. 1B. The input and output wave 
forms for a frequency multiplication where N=3 and 
M=2 are illustrated in FIG. 1E. 
However, the PLL is subject to a number of design 

constraints, such as the capture-range margin for the 
VCO and the stability margin for the loop ?lter. Cap 
ture—range margin refers to the narrow range of input 
frequencies within which the VOC stays locked at the 
desired output frequencies. Stability margin assures the 
stability of the PLL by limiting the loop gain to one or 
close to it. See, Horowitz, P. and Hill, W. The Art of 
Electronics (Cambridge University Press, No. 1980) pp. 
432-437. In contrast, CMOS devices are required to 
operate over large temperature, processing and supply 
voltage ranges. Implementing PLL function in CMOS 
is very dif?cult because the capture-range and stability 
margins are difficult to guarantee over the large process 
variations typical of MOS technologies. Moreover, the 
phase difference between the output waveform and the 
input clock is unpredictable if PLL is implemented in 
CMOS to perform frequency multiplication. 
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4 
FIG. 1C illustrates another proir art method of per 

forming frequency multiplication: dividing a high-fre 
quency clock reference fREFZO down to the desired 
multiplied frequency N‘ f1N22. The frequency clock 
reference fREFZO is ?rst divided down by N via a di 
vider 24, where N is a multiplier integer to yield a fre 
quency fREF/N 26. An input frequency f11v28 is used to 
count number of fREF/N periods in one fIN period by 
enabling a ?rst counter 30 during a single period of fnv, 
producing fREF/(N‘ fIN)32. fREF/(N* fIN) is further 
divided by fREFZO at a comparator 34 to produce N* 
f11v22. The method shown in FIG, 1C introduces a 
round-off error in the ?nal output frequency 22. This 
error causes the output frequency to be somewhat 
larger than the desired frequency N* f W. The error may 
be decreased by increasing the reference frequency, by 
CMOS imposes a limit on how large the reference fre 
quency may be. Thus, this error cannot be entirely 
eliminated. It follows that the output frequency is not 
synchronized with the input frequency. 
Although the prior art methods descrebed in FIG. 

lA-C accomplish frequency multiplication and divi~ 
sion, no general methods are known for duty-cycle 
conversion or random waveform generation. The input 
and output waveforms for duty-cycle conversion and 
random waveform generation are illustrated in FIG. 1F 
and 1G, respectively. As shall be described below in 
detail, the present invention synthesizes digital wave 
forms from rectangular waveforms to perform fre 
quency multiplication by an integer, frequency multipli 
cation by a rational number, duty-cycle conversion, 
pseudo-random waveform generation, phase shifting 
and other functions. 

In FIG. 2, the preferred embodiment of the present 
invention is illustrated as a circuit 36. The circuit 36 
requires, as an input, a reference clock signal 38. A 
synchronous delay line (SDL) 40 is shown receiving the 
reference clock signal 38. The circuit embodying SDL 
40 is illustrated in FIG. 3. The preferred embodiment of 
the SDL for use with the present invention is described 
fully in the pending patent application, Ser. No. 
07/434,408, ?led 11/13/89 and entitled “SYNCHRO 
NOUS DELAY LINE WITH QUADRATURE 
CLOCK PHASES”. Although the SDL in FIG. 3 
shows eight taps, TAP 0:7, it should be understood to 
one skilled in the art that producing sixteen taps, TAP 
0:15, for the presently preferred embodiment merely 
requires the addition of eight more voltage controlled 
delays (V CD’s). Prior art techniques of utilizing a syn 
chronous delay line are described in U.S. Pat. No. 
4,496,861 entitled “INTEGRATED CIRCUIT SYN‘ 
CHRONOUS DELAY LINE” and in an article enti 
tled “A NOVEL Precision MOS Synchronous Delay 
Line”, IEEE Journal of Solid State Circuits, Volume 
8020, pp. 1265-1271, Dec. 1985. The SDL is used to 
generate timing pulses designed to have precise delays 
from the start of a clock period. This particular SDL 
receives a clock reference signal and provides a seres of 
taps, wherein each tap provides a timing pules that has 
a precise delay from the commencement of a clock 
cycle which is initiated by the reference clock. The 
SDL provides timing pulses, TAPO:N-l, that are de 
layed by a precise delay with respect to the start of a 
clock period. The delay of each tap is given by: 
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where TP is the clock period, N is the number of SDL 
taps, tERR is a small delay error and tDELn is delay of 
the timing pulse output by TAP", where n ranges from 
0 to N— l, and N corresponds to the number of taps in 
SDL 40. The delays tDEL” are substantially insensitive 
to variation in operating conditions and processing. 
While N is the number of SDL taps, it is also the resolu 
tion of a synthesized waveform 50. An example of the 
output timing waveforms for a 16-tap SDL appears in 
FIG. 4. CLK is the reference clock and TAPQ—TAP15 
are the output timing pulses. The rising edge of each 
output pulse is the edge that is delayed by a precise time 
from the start of the reference clock period and is there 
fore marked by an arrowhead. 

In FIG. 4, the SDL taps are divided into three ?elds: 
the ?rst I of the taps, from TAPQ-TAP3; the middle 5 of 
the taps, from TAP4-TAP11; and the last i of the taps 
from TAP12-TAP15. In the case of the l6-tap SDL, the 
outputs of the ?rst and the last four taps, i.e., the ?rst 
and the third ?elds of the SDL are de-asserted in the 
middle of the clock period while the outputs of the 
middle eight taps, i.e., the second ?eld, are deasserted at 
the start of a clock. period. By de-asserting the outputs 
of the ?rst and thrid ?eld in the middle of a clock per 
iod, solid low and high times are achieved on these 
outputs. Had these outputs been de-asserted at the start 
of a clock period, the low and high times would have 
been inadequate; or, as in the case of the last tap, i.e. 
TAP15, the low time would have been zero. In other 
words, the output would have been non-existent or little 
more then a glitch. It should be noted that the bound 
aries between the tree ?elds are a design choice and 
need not necessarily be as given here. The method used 
to achieve large tap low and high times is described in 
greater detail in the pending application, Ser. No. 
07/434,408, ?led Nov. 13, 1989 and entitled, “SY 
CHRONOUS DELAY LINE WITH QUADRA 
TURE CLOCK PHASES”. 

In FIG. 5, a digital-to-time domain converter (DTC) 
42 receives tap waveform, TAPO:N— 1, from the SDL 
40. The DTC 42 comprises identical stages with the 
input to each stage connected to TAPn of the SDL 40 
and to the BIT 0:N—lof a waveform pattern register 
44. The outputs from all of the stages are “shorted” 
together to form a single common output line 50. Each 
stage of the DTC 42 further comprises a pair of N-type 
and P-type devices connected as a transmission gate 
52”, where n ranges from O to N- l, and N corresponds 
to the number of taps in SDL 40. When the transmission 
gate 52,, is turned on, it transfers the input pattern bit 
associated with TAPn to the output line 50. When the 
transmission gate 52,, is turned off, the transmission gate 
effectively has an in?nite impedance and isolates the 
input pattern bit from the output line. One, and only one 
transmission gate in the DTC 42 is turned on at time. 
Thus, one and only one input pattern bit affects the 
output at a time. 
FIG. 6 illustrates the conversion by the DTC of a 

static digital pattern into a dynamic waveform. The 
static digital pattern is N bits long, so that each bit rep 
resents l/N of the output waveform. The static digital 
pattern is also the BIT 0:N—l from the waveform pat 
tern register 44. At the same time, the reference clock 
period is divided into N intervals, where N is the num 
ber of taps in the SDL 40. It follows that each bit of the 
static digital pattern represents l/N interval the clock 
period. When a SDL tap goes high, the pattern bit 
associated with that tap is output as either a high (if the 
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6 
bit a one) or a low (if the bit is a zero). Thus, a wave 
form of arbitrary shape may be constructed simply by 
changing the contents of the pattern that is input of the 
DTC. Furthermore, if the pattern is changed at every 
clock, the shape of the waveform also changes at every 
clock. Thus, the DTC 42 can provide essentially an 
endless variety of waveforms in a straight forward fash 
1011. 

Referring to FIG. 5, the transmission gate 52,, of the 
DTC 42 is turned on by switching circuit 54 only if 
TAP" is high and TAP,,+1 is low. Since TAP,I goes high 
high at a time equal to TP/N before TAPHH goes high, 
pattern bit 11 affects the output for a time equal to TP/N. 
TP is the period of the reference clock. As the SDL taps 
TAPO:N—l sequentially go high, pattern bits sequen 
tially are connected too, and then after TP/N discon 
nected from the DTC output 50. DTC 42 performs 
digital-to-time domain conversion. Typically, the SDL 
tap-to-tap delay ranges from 1.5 nanoseconds to over 
3.0 nanoseconds using contemporary CMOS technol 
ogy. In other words, the conversion rates range be 
tween 300 to 600 Megabits per second. This speed of 
conversion is characteristic of bi-polar of GaAs tech 
nologies, not CMOS technology. The combination of 
DTC and SDL provides conversion performance that is 
well beyond the characteristic performance of CMOS 
technology. 
FIG. 7 illustrates a waveform pattern register used in 

the preferred embodiment of the present invention. The 
waveform pattern register 44 receives its inputs IN0_N_1 
from a pattern generator 48. The output of the wave 
form pattern register 44, BIT0.N.1, is fed to the DTC 42. 
The waveform pattern register 42 comprises three ?elds 
of pattern registers 56,58 and 60 and implemented with 
varying depths of master and slave ilip;flop stages. The 
BITM of the ?rst ?eld 56 are implemented as solitary 
master ?ip-flop stages 62. As such, BIT0.3 and delayed 
by i; clock and become valid before the ?rst tap in the 
?rst SDL ?eld (i.e., TAPO) goes high and remains valid 
until after the last tap in the first SDL ?eld goes high. 
BIT4_11 of the second ?eld 58 of the waveform pattern 
register 44 are implemented as complete master-slave 
pairs. Each master-slave pair comprises a master ?ip 
?op 62 coupled to a slave flip-flop 64. BIT4.11 of the 
second ?eld 58 are delayed by a full clock and become 
valid before the ?rst tap of the second SDL ?eld goes 
high and remain valid until after the last tap of the sec 
ond SDL ?eld goes high. Finally, BIT12.15 of the third 
?eld 60 of the waveform pattern register 44 are imple 
mented as a master-slave-master triad. Each master 
slave-master triad comprises a master flip-flop 62 cou 
pled to a slave ?ip-?op 64 and further coupled to a 
master ?ip-?op 66. BIT12-15 of the third ?eld 60 are 
delayed by 1.5 clocks and become valid before the ?rst 
tap of the thrid SDL ?eld goes high and remain vaild 
until after the last tap of the third ?eld (i.e., TAPN.1, the 
last SDL tap) goes high. It should be noted that bound 
aries between the three pattern register ?elds are a de 
sign choice and need not necessarily be as given here. 
The waveform pattern register 44 stores a pattern of 

ones and zeros that represent the high and low portion 
of the output waveform 50. The waveform pattern 
register 44 may be updated as frequently as once every 
clock. However, the waveform pattern register 44 may 
not be updated all at once, since one or more bits in that 
case may swhitch at the same time when the corre 
sponding tap from the SDL 40 is outputting that bit. In 
order to update the waveform pattern register 44, the 
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register is partitioned into three ?elds 56,58 and 60 
where each ?eld corresponds to the three SDL ?elds as 
illustrated in FIG. 4. All bits in a ?eld are updated to 
gether well in advance of the transitions of the taps in 
the SDL ?eld that outputs them. In this way, it is impos 
sible for the register update to con?ict with the switch 
ing of the SDL taps. The timing diagram of the pattern 
register, including the delays of the three ?elds, is illus 
trated in FIG. 8. 

Referring again to FIG. 2, the pattern generator 48 
and a shifter 46 may be optionally introduced on every 
cycle into the waveform pattern register 44. In this way, 
a large variety of waveform patterns may be created 
from the waveform synthesizer 36. The pattern genera 
tor 48 may take on any of a wide variety of forms. In 
one embodiment of the present invention, a pattern 
generator 68 which comprises simply a “hardwired” 
pattern of ones and zeros as illustrated in FIG. 9A. The 
hard-wired pattern generator 68 in FIG. 9A would be 
used for multiplication by the integer 3 for a waveform 
synthesizer having a resolution of 15 bits per clock. 
Refer, for example, to the input and output waveforms 
of a frequency multiplication as illustrated in FIG. 1D. 
Another application of the same hard-wired pattern 
generator 68 is in duty-cycle conversion in which the 
pattern generator provides a waveform of the same 
frequency as the clock frequency but with a different 
duty cycle than the clock. For an example, please refer 
to the input and output waveforms of a duty-cycle con 
version from 25% to 75% as illustrated in FIG. 1F. The 
above two applications assume that the same pattern is 
repeated in each and every clock. 

In a second embodiment of the present invention, the 
pattern generator is a ROM/RAM 70 which stores a 
different bit pattern in each of its 15 entries. The ROM/ 
RAM patterns are accessed sequentially on every clock 
so that the output waveform is the pattern obtained by 
lining up all of the ROM/RAM entries back to back. 
The waveform output of a ROM/RAM pattern for 
frequency multiplication is illustrated in FIG. 9B. The 
ROM/RAM pattern generator 70 is useful, amoung 
other thing, for implementing frequency multiplication 
by a rational number N/M where N may be greater 
than or less than M (if N is less than M, then frequency 
divison by a rational number is implemented). The num 
ber of ROM/RAM entries required to implement such 
a multiplier is equal to the denominator of the rational 
number, i.e. to M. For example, the waveform of a 
MULTIPLY BY 5/3 frequency multiplier and required 
ROM/RAM pattern for the pattern generator are illus 
trated in FIG. 9B. 

In yet another embodiment of the present invention, 
the ROM/RAM pattern generator 70 may be used for 
implementing “pseudo-random” waveform synthesis. 
For pseudo-random waveform synthesis, the pattern for 
each clock period is stored in each entry of the ROM/ 
RAM just as for frequency multiplication. The pattern 
is not, however, truly random (hence the name “pseu 
do-random”) since the pattern repeats itself every N 
clocks where N is the number of ROM/RAM entries. 
However, by making N large, i.e., by increasing the 
number of ROM/RAM entries, the approximation to 
the true random behavior improves. FIG. 1G illustrates 
the input and output and output waveforms of a pseudo 
random waveform generation. Finally, in yet another 
embodiment of the present invention, a real-time pat 
tern generator 72 as shown in FIG 9C may be used in 
lieu of the hard-wired pattern generator 68 or the 
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8 
RAM/ROM pattern generator 70. A real-time pattern 
generator 72 is copable of producing a new pattern on 
each and every clock as the result of some logic opera 
tron. 

Referring again to FIG. 2, the shifter 46 may be op 
tionally provided between the pattern generator 48 and 
the waveform pattern register 44. The shifter 46 may be 
used to vary the phase relationship between the input 
clock and the output waveform. A timing diagram of a 
left phase shift 72 is illustrate in FIG. 10. 
Although the present invention has been described 

with reference to FGI. 1-10, it will be understood that 
the ?gures are for illustration only and should not be 
taken as limitations upon the invention. For example, it 
is contemplated that the number of intervals in delaying 
the reference clock and the number of ?elds for SDL 
and the DTC may be changed to suit one’s particular 
circumstances. It is contemplated that many varied 
embodiments and applications incorporating the teach 
ings of the present invention may be easily construed by 
those skilled in the art. 

I claim: 
1. An integrated circuit for synthesizing a digital 

waveform having a plurality of frequencies with respect 
to a reference signal, comprising: 

a synchronous delay line for generating a plurality of 
taps in response to receiving said reference signal; 

a digital-to-time domain converter connected to said 
synchronous delay line for generating said digital 
waveform from said plurality of taps; 

a waveform pattern register connected to said digital 
to-tirne domain converter for synchronizing the 
synthesis of said digital waveform by said digital 
to-time domain converter: and 

a pattern generator connected to said waveform pat 
tern register for generating a waveform pattern. 

2. The apparatus as de?ned in claim 1, wherein the 
multiplication of the frequency of said reference signal 
and that of said digital waveform is N. 

3. The apparatus as de?ned in claim 2 wherein said N 
is an integer. 

4. The apparatus as de?ned in claim 3 wherein said N 
is a rational number. 

5. The apparatus as de?ned in claim 1, wherein said 
reference signal having a frequency that is different by 
a predetermined integer or rational number with that of 
said digital waveform. 

6. The apparatus as di?ned in claim 5, wherein said 
synthesized waveform is pseudo random. 

7. The apparatus as de?ned in claim 1 wherein said 
digital-to-time domain converter comprises a plurality 
of transmission gates coupled to a common output line. 

8. The apparatus as de?ned in claim 1, wherein said 
waveform register comprses ?elds of master and slave 
flip-flops. 

9. The waveform register as de?ned in claim 8, 
wherein ?elds of master and slave flip-flops further 
comprise three ?elds, said ?rst comprising master flip 
flops, said second ?eld comprising pairs of master and 
slave ?ip-flops, and said third ?eld comprising master 
slave-master triads. 

10. The apparatus as de?ned in claim 1, wherein said 
pattern generator compriese hard-wired pattern. 

11. The apparatus as de?ned in claim 1, wherein said 
pattern generator comprises RAM/ROM arrays. 

12. The apparatus as defined in claim 1, wherein said 
pattern generator comprises real time pattern generator. 
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13. An integrated circuit for generating a digital 

waveform having a plurality of frequencies with respect 
to a reference signal, comprising: 

a synchronous delay line for generating a plurality of 
taps in response to receiving said reference signal; 

a digital-to-time domain converter connected to said 
synchronous delay line for synthesizing said digital 
waveform from said plurality of taps; 

a waveform pattern register connected to said digital 
to-time domain converter for sycnchronizing the 
synthesis of said digital waveform by said digital 
to-time domain converter; 

a shifter connected to said waveform pattern register 
for shifting the position of pattern; and 

a pattern generator connected to said waveform pat 
tern register for generating waveform. 

14. The apparatus as de?ned in claim 13 wherein the 
multiplication of the frequency of said reference signal 
and that of said digital waveform is N. 

15. The apparatus as de?ned 11 claim 14, wherein said 
N is an integer. 

16. The apparatus as de?ned in claim 15, wherein said 
N is a rational number. 

17. The apparatus as de?ned in claim 13, wherein said 
reference signal has a frequency that is differnt by a 
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predetermined integer or rational number with that of 
said digital waveform. 

18. The apparatus as de?ned in claim 17, wherein said 
synthesized waveform is pseudo random. 

19. The apparatus as de?ned in claim 13, wherein said 
digital-to-time domain converter comprises a plurality 
fo transmission gates coupled to a common output line, 
each said transmission gates further comprising a pair of 
N and P devices. 

20. The apparatus as de?ned in claim 13, wherein said 
waveform register comprises ?elds of master and slave 
flip-?ops. 

21. The waveform register as de?ned in claim 20, 
wherein ?elds of naster and slave ?ip-?ops further com 
prise three ?elds, said ?rst ?eld comprising master ?ip 
flops, said second ?eld comprising pairs of master and 
slave ?ip-?ops, and said third ?eld comprising master 
slave-master triads. 

22. The apparatus as de?ned in claim 13, wherein said 
pattern generator comprises hard-wired pattern. 

23. The apparatus as de?ned in claim 13, wherein said 
pattern generator comprises RAM/ROM arrays. 

24. The apparatus as de?ned in claim 13, wherein said 
pattern generator comprises real time pattern generator. 

* 1k =0! ‘I 1k 
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